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Abstract
The chicken DT40 pre-B-cell line is becoming a potent experimental tool in the elucidation of higher organism cellular
functions due to its unique genetic tractability. While several publications have described the effects of disruption of a range
of genes in DT40 cells on calcium signalling, there has been no general overview of Ca2 responses in wild-type cells. Here,
we present experimental data comparing and contrasting the calcium responses to a range of agonists, such as KIgM, H2O2
and thapsigargin, applied singly or consecutively in the presence or absence of extracellular calcium. Briefly, we show that
calcium release is from thapsigargin-sensitive and also -insensitive stores. This release results in, or is concomitant with,
calcium entry across the plasma membrane through store-operated, receptor-operated and possibly L-type like Ca2
channels. The agonists activate these pathways differentially producing a wide range of different sized and shaped Ca2
signals. Furthermore, we report that Ca2 responses in DT40 cells are dependent on the growth conditions. The presence of
1% chicken serum in the growth medium increased amplitudes of calcium responses and enhanced the sustained phase of the
KIgM response, while 10 WM L-mercaptoethanol in the medium (not, however, present during calcium measurements)
resulted in more transient H2O2 responses and larger amplitude KIgM responses while failing to affect thapsigargin
responses. The possible causes of these effects and their importance in comparing data from different studies on DT40 cells is
discussed. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
DT40 is an avian leukosis virus-induced chicken
pre-B-cell line widely used for gene knock out (dis-
ruption of both copies of a gene), because of its high
frequency of targeted integration into the homolo-
gous gene loci [1]. DT40 cell lineages disrupted at
the syk, lyn and type 1^3-inositol 1,4,5-trisphosphate
receptor (IP3) loci, for example, have been used to
analyse B-cell receptor (BCR) signalling pathways
[2,3]. We are currently preparing clones of DT40 cells
disrupted at both alleles of several annexins, Ca2-
and phospholipid-binding proteins with putative ion
channel activity [4], to study the e¡ects of gene
knock-out on Ca2 signalling. A prerequisite for
the investigation of these clones is a detailed under-
standing of Ca2 signalling in this B-cell line. The
aim of this study, therefore, was to characterise
Ca2 responses in wild-type DT40 cells stimulated
with KIgM, H2O2, thapsigargin and SKF-96365.
These agonists were chosen to represent physiologi-
cal, stress-induced and non-physiological or patho-
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physiological stimuli. DT40 cells express an KIgM
isotype BCR on their surface. Stimulation of the
BCR in DT40 cells leads to activation of non-recep-
tor protein tyrosine kinases (PTKs), phospholipase
C-Q (PLC-Q) activation, generation of IP3, release of
Ca2 from intracellular stores and Ca2 in£ux [2].
H2O2 is widely used to create oxidative stress, and
is known to activate various protein kinases [5], in-
cluding PTKs in DT40 cells [6], giving rise to an
elevation of intracellular free Ca2. In a variety of
cell types, hydroperoxide-induced Ca2 responses
have been shown to be due to both release from
intracellular stores and Ca2 in£ux [6^9]. However,
the source of released Ca2 (thapsigargin- and IP3-
sensitive or -insensitive stores, mitochondria) remains
controversial [8^10] and may depend on the oxidant
and the cell-type investigated. Thapsigargin is a very
potent and speci¢c inhibitor of the sarcoplasmic/en-
doplasmic reticulum Ca2-ATPase (SERCA) and has
been widely used to deplete intracellular Ca2 stores,
thereby activating store-operated, or ‘capacitative’
Ca2 entry across the plasma membrane [11]. SKF-
96365 is an inhibitor of receptor-mediated Ca2 en-
try, but at higher concentrations (v 16 WM) may
elicit Ca2 responses itself [12^14].
We now report that in chicken DT40 cells Ca2
responses to various agonists involve a number of
di¡erent Ca2 release and in£ux mechanisms and
that the type of Ca2 signal is also modulated by
growth conditions. Our results provide the basis for
evaluating the roles of signal transducing enzymes, as
well as Ca2-regulated proteins, such as annexins, in
B-cell Ca2 signalling.
2. Materials and methods
2.1. Materials
SKF-96365, thapsigargin and verapamil were from
Calbiochem (Nottingham, UK). Chicken serum,
Dulbecco’s modi¢ed Eagle’s medium (DMEM), foe-
tal calf serum, glutamine and streptomycin were
from Gibco (Life Technologies, Paisley, UK). Fura-
2 pentasodium salt, fura-2/AM and Pluronic F-127
were from Calbiochem (Nottingham, UK). EGTA,
Hanks’ balanced salts (HBSS), H2O2, L-mercapto-
ethanol (L-ME) and other chemicals were from Sig-
ma (Dorset, UK). Mouse-anti chicken IgM (KIgM,
Clone M-4) was from Euro-Path (Cornwall, UK).
HBSS was supplemented with HEPES, sodium bicar-
bonate and contained (in mM): 1.26 CaCl2, 0.81
MgSO4, 5.4 KCl, 0.44 KH2PO4, 136.9 NaCl, 0.34
Na2HPO4, 4.2 NaHCO3, 5.5 D-glucose and 10
HEPES. CaCl2 was omitted from nominally Ca2-
free HBSS.
2.2. Cell culture and Ca2+ £uorescence measurements
DT40 cells were cultured at 40‡C, 5% CO2 in
DMEM supplemented with 10% foetal calf serum,
penicillin, streptomycin and glutamine in the pres-
ence or absence of 1% chicken serum and 10 WM
L-ME. Cells were kept in logarithmic growth and
were harvested for experiments at between 4 and
10U105 cells/ml. For measurements of intracellular
free Ca2, 2.5U106 cells/ml were loaded for 45 min
at 40‡C with 1.25 WM fura-2/AM+0.0025% Pluronic
F-127 in growth medium. Cells were washed three
times and resuspended in ice-cold HBSS to a density
of 106 cells/ml and kept on ice till required. Cells
were then prewarmed to 40‡C for 4 min in a water
bath. Thereafter, £uorescence of the stirred cell sus-
pension was measured by emission at 510 nm and
excitation at 340 and 380 nm using an LS 50 B £uo-
rimeter (Perkin Elmer). For experiments in the ab-
sence of extracellular Ca2, the ¢nal wash and resus-
pension of fura-2-loaded cells was done with
nominally Ca2-free HBSS. To remove all residual
Ca2, 1 mM EGTA was added at the beginning of
£uorescence measurements.
Indicator dye is known to be lost from loaded cells
via extrusion by an anion transporter [15]. This ex-
trusion mechanism is strongly temperature depend-
ent. At a working temperature of 40‡C, drift of the
£uorescence signal due to loss of dye is an inevitable
problem in cell suspension measurements. Although
addition of sul¢npyrazone, an anion transport inhib-
itor, helped to signi¢cantly reduce the drift, it ap-
peared to interfere with £uorescence signals, partic-
ularly in experiments with hydrogen peroxide.
Therefore we chose not to use the inhibitor, but cor-
rected drift by subtraction of typical linear drift
traces obtained in separate experiments.
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3. Results
3.1. Ca2+ responses to KIgM, H2O2, thapsigargin and
SKF-96365
Fura-2 £uorescence measurements were performed
to study the e¡ects of KIgM, H2O2, thapsigargin and
SKF-96365 on the intracellular free Ca2 concentra-
tion ([Ca2]i) of DT40 cells. All experiments in Sec-
tion 3.1 and Section 3.2 were performed on cells
grown in the presence of 1% chicken serum and ab-
sence of L-ME (unless otherwise stated). Ca2 signals
are shown as changes of the £uorescence ratio (vR)
as obtained directly in the experiments.
Fig. 1. KIgM-induced Ca2 responses. Experiments were per-
formed in the presence (A,B,D,E,F) and absence of extracellular
Ca2 (C). Agonists were added as indicated. (A) KIgM 400 ng/
ml. (B) KIgM 80 ng/ml. (C) KIgM 400 ng/ml (higher peak) and
80 ng/ml. (D) SKF-96365 (SKF) 5 WM, KIgM 400 ng/ml. (E)
KIgM 200 ng/ml, verapamil (V) 50 WM. (F) KIgM 200 ng/ml,
SKF-96365 5 WM. Experiments shown in E and F were per-
formed on cells grown in the presence of 10 WM L-ME, which
will be indicated as (E and F, +L-ME) in subsequent ¢gures.
Fig. 2. H2O2-induced calcium responses. (A) Calcium responses
evoked by 1, 2, 3.5 and 5 mM H2O2 in the presence of external
Ca2. Note that the greatest response corresponds to the high-
est concentration of H2O2. (B) Calcium response to 3.5 mM
H2O2 in Ca2-free bu¡er. (C) Comparison of control response
to 3.5 mM H2O2 (c) and response obtained in the presence of
5 WM SKF-96365 (SKF). (D^F) Calcium response-induced by
3.5 mM H2O2 under control conditions (D) and following addi-
tion of 50 WM (E) and 100 WM (F) verapamil (V).
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3.1.1. KIgM
KIgM induced a dose-dependent Ca2 response
(Fig. 1A,B) which was characterised by a sustained
plateau. With 80 ng/ml KIgM, the plateau was at vR
0.30 þ 0.06 above baseline (¢ve experiments, values
given here and subsequently are the mean þ S.D.).
In Ca2-free bu¡er, KIgM evoked a smaller and tran-
sient Ca2 response (Fig. 1C). This indicates that the
sustained [Ca2]i elevation is due to Ca2 in£ux.
KIgM-induced [Ca2]i elevations were blocked by 5
WM SKF-96365 (Fig. 1F). Consistent with this, in the
presence of SKF-96365, KIgM induced a transient
[Ca2]i elevation, which was similar to responses ob-
tained in Ca2-free bu¡er (Fig. 1D). KIgM-induced
Ca2 in£ux was also inhibited by high concentrations
(50 and 100 WM) of verapamil (Fig. 1E), an L-type
Ca2 channel blocker [16].
3.1.2. H2O2
H2O2 induced a dose-dependent Ca2 response
(Fig. 2A), which at 3.5 mM had a peak at
vR = 0.51 þ 0.05 (¢ve experiments) and which was
followed within 400 s after application by a progres-
sive decrease of [Ca2]i to a new stable level (nine out
of 12 experiments, e.g. Fig. 2A), which at 3.5 mM
H2O2 was at vR = 0.20 þ 0.09 (three experiments) or
to baseline (three out of 12 experiments). In the ab-
sence of external Ca2 (Fig. 2B), Ca2 signals were
smaller (vR = 0.25 þ 0.04, three experiments) and had
a sustained phase at vR = 0.11 þ 0.02. H2O2-induced
Ca2 responses were inhibited by both SKF-96365
(5 WM, Fig. 2C) and verapamil (50 and 100 WM,
Fig. 2D^F) to about 50% of control values.
3.1.3. Thapsigargin
Application of 600 nM thapsigargin induced a rap-
id rise of [Ca2]i to a peak at vR = 0.96 þ 0.08 (eight
experiments) followed by a decrease to a new stable
level at between 75% (Fig. 3A) and 40% (Fig. 3C) of
peak values. In the absence of external Ca2, thapsi-
gargin induced a small and transient Ca2 response
(Fig. 3B). The sustained phase of the thapsigargin-
induced Ca2 response was completely blocked by
subsequent addition of 5 WM SKF-96365 (Fig. 3F).
In the presence of verapamil (50 WM) thapsigargin
responses were reduced (Fig. 3D). Moreover, when
verapamil (50 and 100 WM) was added in the course
of the Ca2 response to thapsigargin, the decay
phase was increased leading to a lower level of the
sustained [Ca2]i elevation (Fig. 3E).
3.1.4. SKF-96365
SKF-96365 at concentrations 9 5 WM showed a
blocking e¡ect on KIgM-, H2O2- and thapsigargin-
induced Ca2 responses (see Fig. 1F, Fig. 2C and
Fig. 3F). However, at higher concentrations (v 10
WM) SKF-96365 itself caused elevations of [Ca2]i
in DT40 cells (Fig. 4A). [Ca2]i elevations were
also induced in the absence of external Ca2, but
Fig. 3. Thapsigargin-induced Ca2 responses. Thapsigargin (Tg;
600 nM), verapamil (V; 50 WM) and SKF-96365 (SKF; 5 WM)
were added as indicated in the presence (A and C to F) or ab-
sence of extracellular Ca2 (B). (D and E, +L-ME).
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had smaller amplitudes (Fig. 4B). This suggests that
SKF-96365 induces both release of Ca2 from intra-
cellular stores and Ca2 in£ux.
3.2. Consecutive application of agonists
The experiments presented above indicate that
KIgM, H2O2, thapsigargin and SKF-96365 induce
both release of intracellular Ca2 and Ca2 in£ux
across the plasma membrane. To investigate to
what extent these [Ca2]i elevations arise from acti-
vation of common pathways, we next tested the ef-
fects of consecutive application of the agonists.
Thapsigargin was able to induce a second Ca2 re-
sponse when applied subsequent to H2O2, albeit with
a reduced amplitude (Fig. 5A). Fig. 5B shows that
H2O2, after inducing a small residual rise, completely
blocked the sustained phase of a preceding thapsigar-
gin response. H2O2 also blocked the KIgM-induced
Ca2 response, both when applied before or after the
antibody (Fig. 5C,D). When thapsigargin was added
during the sustained phase of an KIgM-induced Ca2
response, it caused an additional rise of [Ca2]i (Fig.
5E). KIgM application during the sustained phase of
a thapsigargin-induced Ca2 response also caused an
additional rise of [Ca2]i (Fig. 5F). A parallel set of
experiments were then performed in the absence of
external Ca2. When added after H2O2, thapsigargin
could still induce substantial Ca2 release (Fig. 6A).
On the other hand, the H2O2-induced Ca2 response
was reduced and had slow on kinetics when the ago-
nist was added after thapsigargin (Fig. 6B). Further-
more, KIgM failed to release Ca2 when added after
H2O2 (Fig. 6C), whereas reversed order of applica-
tion gave two responses (Fig. 6D), with a reduced
and slow response to H2O2, similar to responses
seen after pretreatment with thapsigargin. We also
obtained two Ca2 responses when KIgM application
Fig. 4. SKF-96365-induced Ca2 responses. SKF-96365 (SKF)
was added as indicated in the presence of external Ca2 (A) at
50, 25 and 10 WM and in the absence of external Ca2 (B) at
50 and 25 WM. In each case the greatest response corresponds
to the highest SKF-96365 concentration.
Fig. 5. Consecutive application of agonists in the presence of
external Ca2. Agonist concentrations were: H2O2, 3.5 mM;
thapsigargin (Tg), 600 nM; and KIgM, 400 ng/ml; except for
E, where KIgM was added at 160 ng/ml. (E, +L-ME).
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was followed by addition of thapsigargin (Fig. 6E),
but KIgM was not able to induce any more Ca2
release when Ca2 stores had been previously de-
pleted by thapsigargin (Fig. 6F).
3.3. Dependency of Ca2+ signalling on growth
conditions
H2O2-induced Ca2 responses were previously re-
ported to be sustained in DT40 cells [6,7], but had a
more transient shape in our experiments. Moreover,
these authors reported transient KIgM-induced calci-
um responses [2,3,17], whereas we observed sustained
Ca2 responses to KIgM. Those prior studies
[2,3,6,7,17] were, however, performed on DT40 cells
grown under various conditions. Growth media, for
example, contained no L-ME in [6] or no chicken
serum and no L-ME in [2,3,7,17]. We therefore var-
ied the growth conditions of DT40 cells and studied
the e¡ects of the presence or absence of 1% chicken
serum and 10 WM L-ME on Ca2 responses. It
should be noted here, that only the growth media
were varied, the actual experiments were all per-
formed with the cells suspended in HBSS. Fig. 7A
shows that DT40 cells grown in the presence of
chicken serum and L-ME had larger KIgM-induced
Ca2 responses (vR = 0.49 þ 0.09, ¢ve experiments)
than cells grown in the absence of L-ME
(vR = 0.30 þ 0.06, ¢ve experiments), whereas their
shape was una¡ected. In contrast, addition or omis-
sion of L-ME did not a¡ect the amplitude of H2O2-
Fig. 6. Consecutive application of agonists in the absence of ex-
ternal Ca2. Agonist concentrations were: H2O2, 3.5 mM;
thapsigargin (Tg), 600 nM; and KIgM, 400 ng/ml.
Fig. 7. E¡ect of growth conditions on KIgM and H2O2-induced
Ca2 responses. KIgM (80 ng/ml in A, 400 ng/ml (higher peak)
and 80 ng/ml in B) and H2O2 (3.5 mM) were added as indi-
cated. Experiments were performed on cells grown in the pres-
ence (A,C) or absence (B,D) of 1% chicken serum and presence
or absence of 10 WM L-mercaptoethanol (L-ME), as indicated.
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induced Ca2 responses, but only a¡ected their shape
(Fig. 7C). Sustained H2O2-induced [Ca2]i eleva-
tions, typical of cells grown in the absence of L-
ME (see Section 3.1.2), were never observed on cells
grown in the presence of 10 WM L-ME (nine experi-
ments), in which signals returned to baseline within
400 s, but were observed on cells grown in the pres-
ence of 1 WM L-ME (four out of ¢ve experiments).
Thapsigargin-induced Ca2 responses were independ-
ent of L-ME in the growth medium (Fig. 8A,B).
Omission of chicken serum from the growth me-
dium generally resulted in reduced Ca2 responses to
both KIgM, H2O2 and thapsigargin (Fig. 7B,D and
Fig. 8C). No major e¡ects on the shape of the re-
sponses were observed for H2O2 and thapsigargin,
whereas KIgM-induced Ca2 responses were more
transient (Fig. 7B). Back addition of chicken serum
to the culture media failed to reinstall the Ca2 re-
sponses obtained with cells continuously grown in
supplemented medium. It is interesting to note that,
besides the e¡ects on Ca2 responses, addition or
omission of chicken serum to/from the growth me-
dium did not alter the logarithmic growth rate of
DT40 cells (data not shown).
4. Discussion
4.1. Cell population Ca2+ measurements
DT40 cells have become a popular model for the
study of Ca2 signalling. The aim of this study was
to characterise Ca2 responses to various agonists
(KIgM, H2O2, thapsigargin, SKF-96365) in wild-
type DT40 cells as a reference for future studies on
genetically modi¢ed clones using cell population
measurements of fura-2/Ca2-£uorescence. It should
be noted that in cell population measurements, the
Ca2 signal at each time point re£ects the average
signal of thousands of cells. The asynchronous na-
ture of Ca2 responses is well documented [18,19]
and a¡ects measurements from cell populations in
three major ways. Firstly, detailed kinetic informa-
tion of Ca2 signals is lost. Secondly, complex re-
sponse patterns, like oscillations, are averaged out.
In fact, consistent with reports on other cell types
[11,18], Ca2 oscillations were observed in individual
KIgM stimulated DT40 cells (data not shown), but
were never seen in population measurements. And
third, the size of Ca2 signals is under-estimated,
due in part to non- or poorly responding cells.
However, although measurement of individual cell
responses is preferable for some studies, such as ki-
netics, population measurements provide the advant-
age of a high throughput so that gross di¡erences
between normal and genetically modi¢ed populations
can be easily observed.
4.2. KIgM-induced Ca2+ responses
DT40 cells express an KIgM isotype B-cell receptor
(BCR) [2]. Studies on PTK de¢cient DT40 clones
indicate that BCR signalling involves activation of
the syk tyrosine kinase, stimulation of PLC-Q2, gen-
eration of IP3, release of Ca2 from intracellular
stores and Ca2 in£ux. Concomitant with the activa-
tion of syk is activation of the lyn tyrosine kinase,
which appears to modulate syk-dependent Ca2 mo-
bilisation [2]. The molecular nature of the channels
that mediate BCR-dependent Ca2 in£ux is un-
known.
Takata et al. [2] reported transient KIgM-induced
Ca2 responses in wild-type DT40 cells, which re-
turned to baseline within 200 s. These responses dif-
Fig. 8. E¡ect of growth conditions on thapsigargin-induced
Ca2 responses. Thapsigargin (Tg; 600 nM) was added as indi-
cated. Experiments were performed on cells grown in medium
supplemented with 1% chicken serum in the absence (A) or
presence (B) of 10 WM L-mercaptoethanol (L-ME). The experi-
ment in C was performed on cells grown in the absence of
chicken serum and presence of 10 WM L-ME.
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fer from the sustained [Ca2]i elevations observed in
our experiments on cells grown in the presence of 1%
chicken serum. We were able to reproduce transient
KIgM-induced Ca2 responses when chicken serum
was omitted from the growth medium of DT40 cells.
This ¢nding indicates that the di¡erence between re-
sults reported in [2,3,17] and those obtained in our
study can be ascribed to variant growth conditions.
The mechanism underlying this phenomenon was not
addressed in this study.
KIgM-induced Ca2 responses were due to both
release of Ca2 from internal stores and Ca2 in£ux
across the plasma membrane. In the absence of ex-
ternal Ca2, KIgM failed to release Ca2 when IP3-
sensitive Ca2 stores had been depleted by thapsigar-
gin. On the other hand, in the presence of external
Ca2, KIgM elicited a measurable increase in [Ca2]i
after prior thapsigargin treatment, similar to obser-
vations with IgD in rat B-cells [20]. A possible ex-
planation for this phenomenon may be that BCR
activation leads, at least in part, to a store-independ-
ent opening of plasma membrane Ca2 channels,
e.g., cGMP-dependent protein kinase [20] or IP3-
regulated channels. The latter possibility is supported
by the ¢nding that loss of IP3 generation in a syk-
de¢cient DT40 clone completely abolishes KIgM-in-
duced Ca2 responses [2].
4.3. Thapsigargin-induced Ca2+ responses
Thapsigargin speci¢cally blocks the sarcoplasmic/
endoplasmic reticulum Ca2-ATPase (SERCA),
thereby preventing the compensation of Ca2 leak-
age from the SR/ER. Uncompensated Ca2 leak rap-
idly depletes SR/ER stores. Depletion of the stores is
known to activate store-operated Ca2 in£ux, also
referred to as capacitative Ca2 entry (CCE) [21].
CCE serves to re¢ll intracellular Ca2 stores in elec-
trically non-excitable cells [22]. This entry pathway
seems to be independent of cytosolic Ca2, since it
can be activated in the presence of high Ca2 bu¡er
[11]. Moreover, a classical protocol to observe CCE
is to deplete Ca2 stores in the absence of extracel-
lular Ca2, which results in a transient Ca2 release
response. When Ca2 is then re-added after the re-
lease response has returned to baseline, substantial
Ca2 in£ux will be induced. A similar mechanism
has been used to demonstrate CCE in DT40 cells
[3]. When thapsigargin is applied in the presence of
external Ca2, the Ca2 response consists of an early
peak and a late sustained [Ca2]i elevation well
above baseline, indicative of CCE. CCE will only
be switched o¡ after repletion of the stores [22].
The e¡ect of thapsigargin is irreversible, leading to
a continuous leak from stores. Not surprisingly,
therefore, thapsigargin-induced Ca2 responses did
not return to baseline in our experiments. However,
it is possible to block the sustained phase of thapsi-
gargin-induced Ca2 responses by addition of the
ion-channel blocker SKF-96365.
DT40 cells displayed two di¡erent modes of thap-
sigargin response. One mode was characterised by a
high in£ux rate giving rise to long lasting Ca2 ele-
vations at about 75% of peak. The other mode had a
lower in£ux rate with a sustained Ca2 elevation at
about 40% of the peak value. In T-cells, mitochon-
dria have been reported to modulate CCE by Ca2
uptake and redistribution [23]. Impaired mitochon-
drial functioning caused transition of high to low
in£ux states of CCE, thereby clamping thapsigar-
gin-induced Ca2 elevations at low or high levels.
Whether or not a similar mitochondrial mechanism
is involved in shaping thapsigargin-induced Ca2 re-
sponses in DT40 cells, and the signi¢cance of di¡er-
ent response modes remains to be elucidated.
4.4. H2O2-induced Ca2
+ responses
In DT40 cells, H2O2 activates syk, which in turn
phosphorylates and activates PLC-Q. This leads to
IP3 synthesis and via its receptor to release of Ca2
from endoplasmic reticulum stores [6,7]. H2O2 also
induces Ca2 in£ux by an as yet unidenti¢ed path-
way. A similar mechanism of action of H2O2 has
been reported for endothelial cells [9] and smooth
muscle cells [8], where Ca2 elevation apparently oc-
curs via production of IP3, release of Ca2 from IP3-
sensitive stores and subsequent Ca2 in£ux. In endo-
thelial cells, Ca2 in£ux may include store-operated
Ca2 entry [9] and Ca2 entry via a non-selective
cation channel [25], whereas the in£ux pathway in
smooth muscle cells involves dihydropyridine-sensi-
tive Ca2 channels [8].
An alternative hydroperoxide signalling pathway
was suggested by Hoyal et al. in alveolar macro-
phages [10]. They observed that Ca2 was not re-
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leased from the endoplasmic reticulum, because this
compartment remained passively releasable by thap-
sigargin. Most strikingly, these authors showed that
hydroperoxide-induced Ca2 release initiates from
the plasma membrane rather than from the endo-
plasmic reticulum, and suggested that hydroperox-
ide-induced Ca2 release was due to translocation
of annexin VI from the plasma membrane to the
cytosol.
In this study, we have shown that elevation of
[Ca2]i by H2O2 in DT40 cells is due to both release
of stored Ca2 and Ca2 in£ux. In agreement with
observations on macrophages, after hydrogen perox-
ide treatment, endoplasmic reticulum Ca2 stores re-
mained passively releasable by thapsigargin, indicat-
ing hydrogen peroxide-induced Ca2 release, at least,
in part from a non-ER Ca2 pool. However, experi-
ments in the absence of external Ca2 revealed that
H2O2-induced Ca2 release was impaired when the
endoplasmic reticulum Ca2 store was depleted by
prior addition of thapsigargin. These data suggest
that at millimolar concentrations, H2O2-induced
[Ca2]i elevation is in part due to Ca2 release
from thapsigargin-sensitive stores, but also involves
a thapsigargin-insensitive source, and that only a
fraction of Ca2 stored in the ER is released by
H2O2, leaving su⁄cient Ca2 to generate a measur-
able response to thapsigargin. The nature of the
thapsigargin-insensitive Ca2 source is unknown.
Hydroperoxides have been shown to cause mitochon-
drial depolarisation [10]. Moreover, a pyridine nu-
cleotide linked Ca2 release mechanism from mito-
chondria is activated by oxidation [24]. It is possible,
therefore, that a mitochondrial Ca2 reservoir con-
tributes to H2O2-induced Ca2 responses in DT40
cells. Alternatively, the H2O2 response of DT40 cells
could be modulated by annexins. Hydroperoxide-in-
duced translocation of annexin VI from the plasma
membrane to the cytosol apparently provides anoth-
er potential source of Ca2 in alveolar macrophages
[10]. A similar mechanism may therefore be involved
in H2O2-induced Ca2 responses in DT40 cells.
H2O2 (10 mM) has previously been reported to
induce sustained Ca2 elevations in DT40 cells
[6,7]. We obtained similar results when agonist con-
centrations of v10 mM were used. Under these con-
ditions, sustained Ca2 elevations were due to Ca2
in£ux, since responses were blocked using the ion-
channel blocker SKF-96365 (not shown). However,
at concentrations 9 3.5 mM, the Ca2 responses to
H2O2 were more transient. At these concentrations,
H2O2 blocked or inhibited Ca2 in£ux induced by
thapsigargin and KIgM, both when applied before
or after these agonists. The blocking of Ca2 in£ux
may, at least in part, account for the transient nature
of H2O2-induced Ca2 responses. Moreover, the
transient shape of H2O2-induced Ca2 responses
was dependent on the presence or absence of L-ME
in the growth medium. It should be noted that L-ME
was present only in the growth medium and not in
the actual bu¡er used for Ca2 measurements. This
suggests that L-ME increases the reduced state of
molecules inside the cells. Glutathione is a tripeptide
that serves as a sulfhydryl bu¡er. Reduced cellular
glutathione (GSH) reacts with hydrogen peroxide,
reducing it to two molecules of water. It is likely
that L-ME increases the ratio of reduced (GSH) to
oxidised glutathione (GSSG), thereby augmenting
cellular detoxifying capacity. Sustained Ca2 eleva-
tions induced by H2O2 in other cell types [8,10]
were reported to be due to oxidative activation of
voltage-dependent Ca2 channels (smooth muscle
cells) or oxidative block of the plasma membrane
Ca2-ATPase (macrophages), and were blocked by
disul¢de reducing agents, like dithiothreitol, allowing
[Ca2]i to return to baseline. High H2O2 concentra-
tions activated Ca2 in£ux in DT40 cells, arguing for
a direct oxidative modulation of plasma membrane
Ca2 channels. In contrast to the transient KIgM and
thapsigargin-induced Ca2 release responses, H2O2-
induced Ca2 signals in the absence of external Ca2
were sustained, which may indicate inhibition of the
plasma membrane Ca2-ATPase by oxidation in
DT40 cells. An alternative mechanism may include
Ca2 release from mitochondria, which is induced by
oxidation of pyridine nucleotides [24]. It is possible
that H2O2-induced oxidation of pyridine nucleotides
depends on the redox state of the cell, for example
the GSH to GSSG ratio. Modulation of this ratio by
L-ME in the growth medium may give rise to di¡er-
ent contributions of mitochondrial release to H2O2-
induced Ca2 elevations. Clearly, there is consider-
able complexity in the Ca2 responses to hydroper-
oxides. However, ¢ndings presented here and else-
where, point to an as yet unidenti¢ed Ca2 in£ux,
extrusion and/or release mechanism that is protected
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from H2O2-induced oxidation both by reducing
growth conditions and acute application of reducing
agents.
Initially, we were puzzled by the fact that H2O2-
induced Ca2 responses in DT40 cells are sometimes
reported to be sustained [6,7], but were transient in
our experiments. We have now shown that the rea-
son for this apparent discrepancy is a combination of
the agonist concentration and the growth conditions.
With cells grown in the absence of chicken serum
and L-ME, H2O2-induced sustained, long-lasting el-
evations of [Ca2]i, whereas Ca2 responses to H2O2
were transient in cells grown in the presence of chick-
en serum and L-ME.
Interestingly, KIgM failed to cause any elevation
of [Ca2]i, when applied subsequent to H2O2, nor did
a second addition of H2O2. H2O2-induced Ca2 re-
sponses in DT40 cells are known to involve elements
of the BCR signalling pathway, including PTKs,
PLC-Q, IP3 production and Ca2 release from inter-
nal stores [2,6,7]. It can be hypothesised, therefore,
that H2O2 modulates components of the BCR signal-
ling pathway, albeit at an unidenti¢ed site. This e¡ect
may be due to the relatively high concentrations re-
quired to elicit a Ca2 response, since in various cell
types low concentrations of H2O2 (9 100 WM) did
not alter IP3 signalling pathways [9,26].
4.5. SKF-96365-induced Ca2+ responses
SKF-96365 is an inhibitor of receptor-mediated
Ca2 entry and CCE. Accordingly, both KIgM and
thapsigargin-induced Ca2 responses were inhibited
by 5 WM SKF-96365. Interestingly, instead of block-
ing Ca2 entry, higher concentrations (v 10 WM) of
SKF-96365 have been reported to cause [Ca2]i ele-
vations [13,14], apparently due to both mobilisation
of Ca2, e.g. from thapsigargin-sensitive stores in
lymphocytes [12] and Ca2 in£ux, e.g. via non-selec-
tive cation channels in HUVEC [27]. SKF-96365, at
high concentrations, may act similarly to thapsigar-
gin. Here we report that at concentrations v 10 WM
SKF-96365 evoked both Ca2 release and Ca2 in-
£ux in DT40 cells. In contrast to thapsigargin-in-
duced Ca2 release, SKF-96365-induced release was
sustained. This may indicate that SKF-96365 is less
speci¢c than thapsigargin, and, besides SERCA also
blocks the plasma membrane Ca2-ATPase. How-
ever, it is unclear, why SKF-96365-induced Ca2 re-
sponses apparently return to baseline in the presence
of external Ca2. At concentrations 9 5 WM, SKF-
96365 did not cause any [Ca2]i elevations on its
own, but e¡ectively blocked CCE in DT40 cells. In-
terestingly, high concentrations of verapamil also in-
duced [Ca2]i elevations in DT40 cells (Fig. 2F), but
the mechanism of action was not investigated in this
study.
4.6. E¡ect of growth conditions on Ca2+ responses
In this study, we have shown that the amplitude
and shape of Ca2 responses are a¡ected by growth
conditions. Omission of chicken serum from the
growth medium decreased the amplitude of KIgM-,
thapsigargin- and H2O2-induced Ca2 responses and
altered the shape of KIgM-induced Ca2 signals.
Moreover, addition of L-ME to the growth medium
resulted in transient H2O2-induced Ca2 responses,
which otherwise had a more sustained shape, and
increased the amplitude of KIgM-induced Ca2 re-
sponses without a¡ecting their shape. In contrast,
the shape and size of Ca2 responses to thapsigargin
were not a¡ected by L-ME. However, this study can-
not distinguish whether the e¡ects on the amplitude
of Ca2 responses were due to reduced Ca2 signals
at the single cell level or reduction of the number of
responding cells. The e¡ects seen with L-ME could
be reversed by growth in L-ME-free medium, where-
as the omission of chicken serum from the growth
media led to irreversible alterations in Ca2 signal-
ling. This should be kept in mind when comparing
data from studies on DT40 cells grown under various
conditions.
The importance of amplitude, duration and fre-
quency of Ca2 signals in the regulation of gene tran-
scription have been outlined in several recent papers
[28^30]. In B-lymphocytes, large and transient Ca2
responses to antigen selectively activate transcription
pathways leading to proliferation and positive selec-
tion. Low and sustained Ca2 responses to antigen,
on the other hand, activate another transcription
pathway leading to negative selection [31]. It is pos-
sible, therefore, that the Ca2 responses induced by
KIgM and H2O2 in DT40 cells grown under various
conditions lead to quite di¡erent responses at the
transcriptional and subsequently cellular level.
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4.7. E¡ect of ion-channel blockers on Ca2+ responses
Voltage gated, store-operated and IP3-regulated
Ca2 channels have been reported in T-lymphocytes
[32], but the identity of the Ca2 channel(s) in B-
lymphocytes has not yet been resolved. A study by
Sadighi Akha et al. [20] points to the possibility that
di¡erent Ca2 channels are involved in Ca2 entry in
T- and B-lymphocytes. A dihydropyridine-sensitive,
yet voltage-independent Ca2 channel which shares
serologic and pharmacologic properties with the L-
type calcium channel from excitable tissues was de-
tected in rat B-cells, but not T-cells [20]. This channel
seems to be regulated by cGMP-dependent protein
kinase and mediates IgD, but not thapsigargin-in-
duced Ca2 entry.
In this study, we used the L-type Ca2 channel
blocker verapamil and a blocker of receptor-medi-
ated Ca2 entry (SKF-96365) to investigate the na-
ture of Ca2 in£ux channels in DT40 cells. SKF-
96365 (5 WM) e¡ectively blocked KIgM and thapsi-
gargin-induced Ca2 responses and reduced H2O2-
induced Ca2 signals. High concentrations of vera-
pamil (s 50 WM) partially blocked KIgM-, thapsigar-
gin- and H2O2-induced Ca2 responses. Inhibition by
verapamil might indicate the involvement of an L-
type like Ca2 channel (similar to the one described
in rat B-cells [20]) in DT40 Ca2 in£ux. However, a
non-speci¢c blocking e¡ect of verapamil on other
channels, like KV [18], resulting in decreased mem-
brane voltage and driving force (which was not con-
trolled in our non-voltage clamp approach) for Ca2
cannot be ruled out at the present stage.
5. Conclusion
From the results presented here, we conclude that
DT40 chicken B-cells have a variety of di¡erent
mechanisms to raise intracellular free Ca2. Ca2
release is from thapsigargin-sensitive (endoplasmic
reticulum) and -insensitive stores (possibly mitochon-
dria or plasma membrane). Calcium in£ux is through
store-operated (CCE) and store-independent (e.g. re-
ceptor-operated) plasma membrane Ca2 channels.
In contrast to thapsigargin-induced CCE, KIgM-
and H2O2-induced Ca2 responses were dependent
on the redox state of the cells.
The release and in£ux pathways present in DT40
cells are di¡erentially activated by agonists, such as
KIgM, H2O2 and thapsigargin, giving rise to sus-
tained or transient [Ca2]i elevations. The genetic
tractability of these cells has made them a popular
choice for studying the role of certain signal trans-
ducing molecules in Ca2 mobilisation. In comparing
data from these di¡erent studies, it is important to
consider di¡erences in culture conditions, which as
shown here, can profoundly in£uence the responses
to various agonists.
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